Intestinal calcium (Ca) absorption was measured under noninvasive conditions in both normally cycling and ovariectomized rats by determining the decrease in 47 Ca/ 4 7 Sc ratio between diet and feces. In 32-wk-old rats fed a 1.4% Ca diet, both fractional and total intestinal Ca absorption varied during the estrous cycle (p < 0.03), being highest during estrus and lowest during the second day of diestrus. Similarly, in 36-wk-old rats fed a 0.11% Ca diet, both fractional and total intestinal Ca absorption varied during the estrous cycle (p < 0.001), being highest during estrus and lowest during the first day of diestrus. In both studies, Ca absorption in ovariectomized rats was identical to the mean values for all of the cycling rats. Serum zinc (Zn) levels, but not those of Ca, phosphorus (P), and magnesium (Mg), varied during the estrous cycle when measured in 37-wk-old rats fed the 0.11% Ca diet.
INTRODUCTION
Cessation of ovarian function, whether due to natural menopause or to surgical ovariectomy, leads to a loss of bone mass and is a contributing factor to osteoporosis. Alterations in Ca metabolism following menopause or ovariectomy include decreased intestinal Ca absorption [1, 2] possibly resulting from a lower responsiveness [3] to calcitriol (1,25-dihydroxyvitamin D 3 ), increased urinary Ca excretion [4] , a transient increase in bone remodeling lasting several years [5] , and a lower "set-point" for bone mass [6] . Most of these changes are thought to result from low estrogen levels, but a lack of progesterone may also be a contributing factor [7] .
Since normal ovarian function produces cyclical changes in the circulating levels of the sex hormones, the beneficial effects of ovarian activity on bone mass and Ca metabolism might vary during the menstrual cycle. These effects could be mediated by estrogen and progesterone directly or through alterations in serum levels of parathyroid hormone (PTH), calcitonin, and calcitriol, the three major Ca-regulating hormones. Evidence supporting cyclical changes in Ca metabolism during the menstrual cycle includes observations of variations in the serum levels of ionized Ca [8] , PTH [9] , calcitriol [10] [11] [12] , and osteocalcin [13] , a presumed marker of osteoblastic, and hence bone-forming, activity. In each instance, serum concentrations were highest around the time of ovulation. However, these changes have not been consistently observed, as other investigators have found no influence of the menstrual cycle on serum levels of total Ca [3, 14, 15] , PTH [8, 13, 14] , calcitriol [13] [14] [15] [16] , or osteocalcin [17] . Possible variations in intestinal Ca absorption, total urinary Ca excretion, and bone resorption during the menstrual cycle have not yet been examined. One report has indicated that the fasting urinary Ca/creatinine ratio remains unchanged during the menstrual cycle [11] .
Ovariectomized rats also lose bone and have a transient increase in skeletal remodeling [18] . During the ovulatory phase of the estrous cycle in young, rapidly growing rats, the longitudinal growth rate of the proximal tibia is at its lowest [19] , but bone creatine kinase activity is highest [20] . Serum levels of PTH have been reported to remain unchanged during the rat estrous cycle [21, 22] , but serum calcitonin levels are lowest near ovulation [21, 22] . We have recently shown that intestinal Ca absorption is highest around the time of ovulation in normally cycling rats at 12, 32, and 50 wk of age [23] .
The purpose of the present study was to further characterize the variations in intestinal Ca absorption during the rat estrous cycle by examining rats fed diets containing both low and high contents of Ca. Furthermore, normally cycling rats were compared to ovariectomized rats to determine the influence of cessation of ovarian activity on intestinal Ca absorption.
MATERIALS AND METHODS
Female rats of the Fischer 344 strain were purchased from IFFA-CREDO (Les Oncins, France) at 4 wk of age and fed a modified AIN-76A pelleted diet formulated to contain 0.5% Ca (as CaCO 3 ), 0.5% P, and 1 u/g vitamin D 3 . At 12 wk of age, intestinal Ca absorption was measured during the estrous cycle; these data have been published previously [23] . The dietary Ca content was reduced to 0.2% at 17 wk of age. Ovariectomy was performed on several rats at 29 wk of age, and at the same time the dietary Ca content was increased to 1.4% for all of the rats. Intestinal Ca absorption was then measured at 32 wk of age, after which the dietary Ca content was reduced to 0.11% and intestinal Ca absorption was determined again at 36 wk of age. The rats continued to receive the 0.11% Ca diet and were killed over 6 days during Week 37 in order to obtain blood from the abdominal aorta under ethrane anesthesia for measurements of serum electrolytes. On the day animals were killed, food was removed by 1000 h and the blood was obtained between 1600 h and 1715 h.
The stages of the estrous cycle were determined from vaginal smears taken each morning during Weeks 29 through 37 (except for a 4-day period starting 5 days after Ca absorption was measured during Week 32). The smears of the ovariectomized rats consistently showed the cell morphology typical of diestrus. For measurements of Ca absorption (which were made during the night), the stage of the cycle was defined from the smear obtained the following morning. For the serum electrolyte data (obtained in the afternoon), the stage of the cycle was defined from the smear obtained the same day.
Intestinal Ca absorption was determined from the decrease in the ratio of 4 7~a to 4 7~~ in feces relative to the diet by the method of McCredie et al. [24] , modified to permit inclusion of the isotopes in the diet instead of administration by stomach gavage. The gamma-emitting 4 7~a (t112 = 4.53 days and energies of 490,810, and 1290 kev) decays to the gamma-emitting 4 7~~ (tl/g = 3.43 days and energy of 160 kev), and the two isotopes were counted simultaneously by appropriate discrimination of their gamma energies. We have confirmed (unpublished data) previous observations [24] that Sc is not absorbed by the intestine. Thus, with the use of 4 7~~ as a nonabsorbable marker, only representative samples of diet and feces need to be analyzed.
The test diets were identical to the normal diets except for the addition of the radioactivity and 0.02% of the green food dye Fast Green FCF to label the radioactive fecal pellets. The food was thoroughly mixed in a kitchen-type blender, and water was added to produce a thick paste that was made into pellets by hand. The formation of these pellets was facilitated by the use of 50% cornstarch as the major carbohydrate in the diets. The pellets were then dried overnight at 60-70°C.
On the first day of each study, demineralized water was provided; the normal diet was removed during the morning and was replaced with the radioactive diet in the evening just prior to darkness. The radiolabeled diet was removed the following morning and replaced with the normal diet. Food consumption was determined by measuring the weight loss of the food pellets. Feces were collected during the following 4 days with care taken to count only the greencolored, radioactive pellets. Throughout the experiment, the rats remained in their individual plastic cages with wood chips as bedding material.
A Packard Auto-Gamma counter was used with the preset window for 5 7~o / 7 5~e employed to detect 4 7~~ and an energy range of 360-1560 kev for 4 7~a .
Diet and fecal samples were counted in plastic tubes (11-mm internal diameter and 75-mm height) with care taken to fill each tube to a height of 56 mm in order to keep counting efficiencies constant. The sample depth control was set to 3.0 cm. Corrections were made for the 21% spillover of 4 7~a counts into the 4 7~~ channel.
Ca, Mg, and Zn were determined by atomic absorption spectrometry using standard techniques, and P was measured colorimetrically as the phosphomolybdate-malachite green complex according to the procedure described by Baykov et al. [25] .
The formulas described by McCredie et al. [24] were employed to calculate fractional intestinal Ca absorption. Total Ca absorption was determined from the fractional Ca absorption data and information on both food consumption and the dietary Ca contents. For the cycling rats, a onefactor ANOVA was employed to examine the statistical significance of variations during the estrous cycle. Ovariectomized rats were then compared to all of the cycling rats as a group by use of Student's t-test.
The 4 7~a and 4 7~~ isotopes were purchased from Ris0 Isotoplaboratoriet (Denmark).
RESULTS
Body weight data are presented in Figure 1 along with indications of the times of ovariectomy, the measurements of intestinal Ca absorption, and the changes in dietary Ca contents. The controls had reached a stable body weight plateau of about 220 g at the time of the experiments whereas, as expected, the ovariectomized rats gained weight after the surgery. Figure 2 presents the data on food consumption obtained during the actual measurements of intestinal Ca absorption. In the experiment involving the 1.4% Ca diet, food consumption varied a maximum of 20%, being highest during proestrus and lowest during metestrus. When the rats were fed the 0.11% Ca diet, food consumption varied a maximum of 22%; the highest value was observed during estrus and the lowest value was obtained during the first day of diestrus. We have previously shown [23] that variations in food consumption of this degree do not influence fractional intestinal Ca absorption.
Fractional and total Ca absorption data are presented in Figures 3 and 4 , respectively. Mean fractional Ca absorption values for all the cycling rats increased from 6.4 + 0.4% to 51.5 0.9% as the dietary Ca content was reduced from 1.4% to 0.11%. Consequently, total Ca absorption declined only 32%, from 12.0 + 0.6 to 8.2 0.2 mg/day, as the dietary Ca content was reduced 12-fold.
For both the high and low Ca diets, Ca absorption was highest during estrus and lowest during diestrus. Ca absorption in the ovariectomized rats was intermediate be- Fractional intestinal Ca absorption of normally cycling and ovariectomized rats fed diets containing either 1.4% Ca (left) or 0.11% Ca (right). All data are expressed as means +SEM, and the values in parentheses indicate the number of rats in each group. A one-factor ANOVA indicated that there were significant differences among the cycling rats consuming the 1.4% Ca diet (p < 0.03; F value = 2.92) as well as among those consuming the 0.11% Ca diet (p < 0.001; F value = 14.13).
FIG. 4. Total intestinal
Ca absorption of normally cycling and ovariectomized rats fed diets containing either 1.4% Ca (left) or 0.11% Ca (right). All data are expressed as means -SEM, and the values in parentheses indicate the number of rats in each group. A one-factor ANOVA indicated that there were significant differences among cycling rats consuming the 1.4% Ca diet (p < 0.02; F value = 3.43) as well as among those fed the 0.11% Ca diet (p < 0.001; F value = 20.90).
tween the highest and lowest values observed during the estrous cycle. As further characterized in Table 1 , Ca absorption in the ovariectomized rats was virtually identical to the mean values measured in the entire group of cycling rats. These conclusions are independent of whether the data are expressed as fractional or total Ca absorption.
The serum electrolyte data presented in Table 2 indicate that serum zinc (Zn) was the only element that varied during the estrous cycle at a statistical significance ofp < 0.05 and that serum Zn levels were highest during proestrus and metestrus. Serum Ca levels were lower in ovariectomized than in cycling rats, but no such differences were found for the other electrolytes.
DISCUSSION
We have previously reported [23] that intestinal Ca absorption varies during the normal rat estrous cycle with peak values found during estrus and metestrus. The present experiments were performed to confirm and extend our previous observations, with additional care taken to quantify food consumption during the estrous cycle and thus permit calculation of the total amount of Ca absorbed. In addition, we included a group of ovariectomized rats and also em- 
(9) (10) (14) Diet C = o.llX (17) (9) (18) (9) .
-J~ (17) (a) 'Serum was obtained during the late afternoon from 37-wk-old rats fed the 0.11% Ca diet. bAll values are means SEM for 12 to 14 cycling rats and 8 to 9 ovariectomized rats. Serum Ca P, and Mg levels are expressed as mg/dl and serum Zn as ILg/ml. 'A one-factor ANOVA was performed on the entire group of cycling rats, and the mean values of all of the cycling rats were compared to those of the ovariectomized rats with Student's t-test.
ployed dietary Ca levels at both the low (0.11%) and high (1.4%) ranges of healthy rat diets. The 47 Ca/ 47 Sc assay of intestinal Ca absorption has been successfully employed in our laboratory over three years. The advantage of this assay is that undisturbed rats consume their habitual diet under normal feeding conditions in their usual cages. Using this assay, we have shown (unpublished data) that Ca absorption declines with age and dietary Ca content, is inhibited by oxalate, and is stimulated by both dietary lactose and injections of calcitriol. Serum levels of estradiol, progesterone, prolactin, FSH, and LH are all highest during estrus [26, 27] , and ovulation occurs during this period. Thus, the high intestinal Ca absorption observed during estrus might be related, either directly or indirectly, to any one of several sex hormones. Changes in Ca absorption during the estrous cycle are certainly linked to other changes in Ca, and also possibly phosphorus (P), metabolism. The additional Ca absorbed around ovulation is either incorporated into the skeleton and/or excreted into urine. The hypothesis that bone formation might be enhanced around ovulation is supported by recent data [28, 29] indicating that estrogen can stimulate bone formation. Variations in the serum levels of the calciotropic hormones are also to be expected, and some evidence ex- 'Food consumption, Ca intake, and fractional Ca absorption values are from Figure 2 and Table 1 . The value of 9 mg/day for intestinal Ca secretion was estimated from the literature [37] . All other values were calculated under the assumption that the Ca secreted into the intestine is absorbed to an identical degree as the ingested Ca.
ists for such changes in serum calcitonin levels [21, 22] . These issues can all be addressed in future studies.
The existence of variations in intestinal Ca absorption during the rat estrous cycle provides further motivation to examine the issue of Ca metabolism during the human menstrual cycle. Sufficient data concerning serum levels of ionized Ca [8] , PTH [9] , calcitriol [10] [11] [12] , and osteocalcin [13] have been published to strongly suggest that the intestinal, skeletal, and renal fluxes of Ca vary during the menstrual cycle, at least under certain conditions. Such changes are presumably linked to the maintenance of bone mass in normally ovulating women as indicated by the loss of bone following menopause and ovariectomy. This hypothesis is further supported by evidence that women with endometriosis have low bone mass [30] and that women having anovulatory cycles (without amenorrhea) lose vertebral trabecular bone at a greater rate than normally ovulating women [31] .
Our observation that intestinal Ca absorption was identical in normally cycling and ovariectomized rats is similar to previous findings [32] [33] [34] in rats fed adequate or high Ca diets. However, our results in rats fed the 0.11% Ca diet appear to be different from those reported previously, as in the earlier studies ovariectomy was found to reduce Ca absorption in rats fed diets low in Ca [32] [33] [34] . For the moment, this discrepancy cannot be fully explained, but of possible importance is the fact that in two of the previous studies [33, 34] , the differences in Ca absorption between rats fed low and high Ca diets were surprisingly small. In addition, one of these studies [33] examined only active Ca transport in the duodenum, whereas in the second study [34] the rats were 17 mo of age and therefore the control rats had probably ceased cycling normally.
Serum Ca levels measured in the late afternoon did not vary during the estrous cycle but declined after ovariectomy when the rats were fed the low Ca diet. Cressent et al. [22] observed variations in serum Ca levels when the samples were obtained in the early morning but not in the late afternoon. These same authors also failed to find any influence of the estrous cycle on serum P levels. Serum magnesium (Mg) levels remained unchanged during the estrous cycle and after ovariectomy but have been reported to vary during the human menstrual cycle [15] . The variation observed in serum Zn levels during the estrous cycle has not been previously detected [35] , but serum Zn levels have also been reported to change during the menstrual cycle [36] .
In addition to providing information on intestinal Ca absorption during the estrous cycle and in ovariectomized rats, the present experiments also address the ability of adult rats to adapt to decreases in dietary Ca content from 1.4% to 0.11%. Fractional Ca absorption increased from 6% to 52% as the dietary Ca level was lowered. Nonetheless, as measured by our assay, total Ca absorption decreased from 12 to 8 mg/day. However, this assay, as is the case for all assays involving measurements of the absorption of a Ca tracer from the diet, provides data on "apparent" rather than "true" Ca absorption. This limitation arises from the failure of the dietary Ca tracer to account for the endogenous Ca secreted into the intestine.
As indicated by other studies [37] , endogenous Ca secreted into the intestine can be estimated to be approximately 9 mg/day. This value is small relative to the 189 mg of Ca ingested daily by the rats fed the 1.4% Ca diet, but large compared to the 15 mg/day ingested by the rats consuming the 0.11% Ca diet. Calculations taking into account this endogenous secreted Ca are presented in Table 3 . With the reasonable assumptions described in this table, "true" Ca absorption is virtually identical in rats fed 1.4% and 0.11% Ca diets. Thus, adult rats appear to adapt perfectly to a diet containing 0.11% Ca by appropriately increasing intestinal Ca absorption.
